Knowledge about pellet microstructure such as porosity and oxidation degree is essential in improving the pellet macro behavior such as structural integrity and reduction properties. Manual optical microscopy is commonly used to find such information but is both highly time consuming and operator dependent. This paper presents research to automate image capture and analysis of entire cross-sections of baked iron ore pellets to characterize proportions of magnetite, hematite, and other components.
Introduction
In the mining of iron ore, refining and concentration is performed to produce a high grade fine iron ore product. At LKAB this concentrate is pelletized to produce their main product, balled iron ore pellets for either blast furnace or direct reduction steel production. LKAB mines are among the very few iron ore mines in the world that predominantly use magnetite instead of hematite ore resulting in specialized production conditions (Niiniskorpi, 2004) .
Knowledge of the pellet microstructure is essential in improving the quality of the product. Data from microscopy is vital to understand what happens within the pellets on a micro-scale, which in turn affects the macro-behavior. This data can be used to understand current product conditions and as a reference for possible future deviations. It is also important to understand what happens with the product when doing deliberate process changes as a part of product development.
Manual optical microscopy can be used to find such information but the results vary a lot with the expertise of the observer. Furthermore it is impractical to manually get a quantitative repeatable measurement of an entire pellet even using an objective magnification as low as 10 times (at least 100 images or more). This has initiated many attempts to automate some or all of the measurement and analysis steps.
In this paper the following literature review is restricted to research that both describes automated image analysis of optical microscopy and detail the methods that are used to achieve these results. Scanning Electron Microscopy (SEMs) are inappropriate for classifying iron oxides and are therefore not included in this review.
A number of studies have to varying degrees automated image capture in optical microscopy of iron ore (Lessa et al., 2007; Alvarez et al., 2008; Gomes and Paciornik, 2008; Wagner et al., 2008; Nellros, 2010) but few have developed fully automated image analysis techniques. The majority of techniques are semi-automated and apply an expert user to define how the image histogram should be classified into phases and then this classification is used on all subsequent images (Lessa et al., 2007; Alvarez et al., 2008; Wagner et al., 2008; Gomes and Paciornik, 2008) . The risk of such approaches is that manually specified settings are dependent on opinion, and not necessarily robust to variation in image data over time such as from degradation in microscope illumination.
Investigation of colored light and polarized light imaging of various iron bearing minerals (Pirard and Lebichot, 2004; Pirard et al., 2007) has been performed. A stack of colored and polarized light images from a single measurement site are shown and classified (Pirard and Lebichot, 2004) into hematite, magnetite, pores and various other types of iron bearing minerals.The results require five images with different colored light and four images with different polarization angles making it an impractical image capture task if one done not have the specialized imaging system used by (Pirard and Lebichot, 2004) .
In the presented work, semi-automated image capture of entire pellets is performed at 20 times resolution by visible light reflectance microscopy, collecting and integrating over 400 images per pellet. Additionally, fully automated image segmentation of the magnetite, hematite, surrounding epoxy, and other material (encompassing pores and additives), is performed.
Method

Image acquisition
Sample pellets are cast into epoxy, vacuum impregnated, cut in half and polished to give a good, reflecting cross section to study with the microscope. Leica Qwin software modules have been adapted through QUIPS programming using the provided Leica Qwin interface to obtain a routine that semi-automatically acquires images of an entire pellet. The approach has been to base the routine on the applet Mosaic included in the QGallery toolbox since it calculates the desired continuous scanning pattern.
The user inputs coordinates for the left and upper edges of the measurement area together with the size of the measurement area in millimeters and the height interval for automatic focus. The motorized stage then performs step-wise displacements in a zig-zag pattern from the upper left corner to the lower right as illustrated in figure 1. Images of 1088x816 pixels are retrieved at each stage position and a defocused reference image is automatically subtracted to remove uneven illumination effects (Ray, 1994 , vignetting correction) before saving. Initialization of the image retrieval is thus manual for each pellet, however the sequential image retrieval is unsupervised. Figure 1 : Principle of the scanning superimposed on one cut and polished pellet cast into epoxy.
Image processing
The following image processing strategies apply some mathematical morphology techniques. These techniques are particularly useful for identifying spatial structure in image data. Morphological image processing operations typically apply a structuring element, which is a spatial probe similar to a neighborhood operation, to the image. The reader is referred to the text Hands-On Morphological Image Processing (Dougherty and Lotufo, 2003) for a very clear explanation of this topic, or to any other good text on image processing if they require more information on these morphological image processing operations.
The image processing is performed in MATLAB (MATLAB, 2010) using the image processing toolbox and is divided into the following 3 parts; 1. identification of pellet area, 2. finding global information, 3. segmentation of individual images.
Identification of pellet area
The images from the pellet scan can be of four different types;
1. all pellet structure, 2. all epoxy, 3. border image including pellet edge and surrounding epoxy and/or neighboring pellet, 4. pellet structure from a neighboring pellet.
The pellet area is found by analyzing an overview mosaic image as shown in figure 2a. This mosaic is created by simply connecting all the individual microscope images together in the order they were captured after downsampling them to one eighth of their original area.
The areas in the mosaic image containing pellet are identified using the following image processing strategy, described below in text and in algorithm 2.1 (page 6) in pseudo-code;
1. perform an edge detection algorithm on the overview mosaic (figure 2a) to create the image shown in figure 2b . This is a grayscale image where sharp edges, i.e. rapid color transitions, has the highest values. The chosen edge detection is a morphological gradient (Dougherty and Lotufo, 2003) using a 3 pixel radius disk structuring element). 2. threshold the gradient image into a binary image using Otsu's method (Otsu, 1979) to single out the most distinct edges.
The detected and thresholded edges will occur at grain boundaries so the result is a binary image where white regions indicate the areas containing pellet. As can be seen in figure 2b these regions will contain many holes that need to be filled to create a solid binary representation of the entire pellet region.
3. smooth edges and fill small holes of the binary edge image using a morphological closing with an 8 pixel radius disk structuring element 4. fill the remaining holes in the pellet areas using the MATLAB function imfill (Dougherty and Lotufo, 2003, 3.5 Marker Selection in Reconstruction), 5. shrink the pellet area to compensate for step 3 so that it more accurately corresponds to the actual border of the pellet. The method used is a morphological erosion with a radius 4 disk-shaped structuring element, which can be visually interpreted as peeling off a 4 pixel wide layer of the binary pellet region.
The final result of this strategy is shown in figure 3a where white areas correspond to pellet. We see that there are parts of neighboring pellets in the mosaic image that need to be removed so we can identify only the sub-images that correspond to the pellet we are analyzing. In a less complicated situation this could have been done by simply removing white regions connected to the boundary of the binary mosaic image but there are some special cases where this is not possible. These two cases are highlighted by figure 3a where the pellet of interest both is touching other pellets in the sample and has not been entirely imaged, and is therefore touching the boundary of the mosaic image.
We assume that the center of the mosaic image always belongs to the pellet of interest, and apply the following strategy to remove all the components of other pellets present in the mosaic image. 1. identify connected regions in image 3a using a region labeling technique (Dougherty and Lotufo, 2003, 3.3 Reconstruction) , in this case the MAT-LAB function bwlabel (three distinct connected regions are shown in figure  3a ). 2. for each region i, check if the centre of the image is contained within it.
If not, then subtract that region from the image and save it as a marker region M i to use in the segmentation in step 6 3. shrink the remaining pellet areas (white areas) by performing a morphological erosion (using a 2 pixel radius disk structuring element), which again can be visually interpreted as peeling off a 2 pixel wide layer along the outer perimeter of the binary regions.
Each time we do this erosion will make the pellet areas smaller, and will eventually separate connected pellets and could also entirely remove parts of pellets connected to the boundary.
4. test if the centre of the image is connected to the boundary by comparing the labelled number of the center pixel to the region numbers present at the image boundary. If so repeat from step 1. 5. when the middle is no longer boundary connected, save the remaining region as the last marker region. 6. perform binary image segmentation on figure 3a using the distance transform and watershed segmentation based on the set of marker regions M . This is a well known segmentation algorithm documented in many sources (Beucher and Meyer, 1992; Dougherty and Lotufo, 2003) and in the documentation for the MATLAB function watershed. The marker regions identified in the previous steps act as seeds that initialize each segmented region which are then sequentially grown in the watershed process until all parts of the input image belong to a segmented region.
7. The resultant watershed segmentation separates connected pellets into individual regions. Extracting the region containing the image centre provides the image shown in figure 3b . 
Individual segmentation
When determining what is pellet and what is not in individual processing of sub images the corresponding binary area from the binary mosaic (figure 3b) is upscaled and used to determine how much of the image that is valid. A sub image and its corresponding valid region is shown in figure 4. To provide a reasonable distinction between pellet perimeter images containing single grains (or images of random stains in the epoxy) and images that contains enough information to be processed, only images containing more than 5% pellet are considered.
The distance to the pellet perimeter for a given image is an average of the distance from each pixel inside the pellet (in that image) to the nearest point on the pellet perimeter. To convert from number of pixels to micrometers, these values need to be multiplied by 8 to compensate for the downsampling, and then by the pixel calibration value, in this work 0.643 µm per pixel at 20X magnification.
Images are individually processed and segmented using thresholds found by Otsu's method (Otsu, 1979) . The two required thresholds are found by applying the method twice. The first step is performed to separate the image into foreground and background. This foreground is then thresholded again to separate magnetite and hematite. A step-by-step example of this is shown in figure 5 .
Global thresholding If the image contains a high proportion of magnetite the presented segmentation technique may fail. If the detected gray-Algorithm: Finding pellet area
Creation of mosaic:
N -image number, I -horizontal scanning steps, J -vertical scanning steps, ms -low resolution mosaic of scanning area.
For even rows scanning direction is opposite:
Thresholding and identification of binary pellet: level-threshold between magnetite and hematite for a given image is below the gray-level-value of the magnetite peak in the combined gray-level-histogram of all images of the pellet, we consider that this segmentation failure will have occurred. In this case we use an alternate gray-level-threshold derived by performing Otsu's method on the combined gray-level-histogram of all images, illustrated in figure 8 , which shows the combined histogram for all images of one pellet where identified global peaks and thresholds have been marked. Edges with gray-level equivalent to magnetite Some phenomena (see section 4.2 for discussion) causes the edges of the hematite grains to have the same grayscale value as the magnetite and will therefore be erroneously classified as magnetite. In order to compensate for this effect magnetite located between the outer border of hematite grains and outer border of pores/additives can be added to the hematite and subtracted from the magnetite. The thickness of this edge of pseudo-magnetite is empirically decided to 4 pixels (2.572 µm). Step-by-step segmentation.
Results
Image acquisition
Scanning one pellet results in 300-450 images depending on its size. For each tested pellet a maximum of 5 out of the 350-400 images have been blurry. Both pellets situated in the middle of and closer to the edges of the epoxy sample are possible to scan, even those who create a scanning area that lies outside of the epoxy.
A scan takes somewhere between 2 and 4 hours depending on the amount of epoxy. Images of pure epoxy take a lot longer to retrieve due to focusing issues. The automatic focus can not find a hit on the monotonously gray plastic and therefore has to test all possible values before moving to the next position.
The microscope is placed at a room in the LKAB laboratory illuminated by normal lamps and influenced by some daylight. The procedure has therefore been to retrieve a new reference image before scanning a new pellet. Preliminary test show that this might not always be necessary, but due to time constraints this has not been thoroughly investigated after a sufficient solution had been found.
Image processing
The total percentages of magnetite, hematite and pores & additives in each image are calculated and plotted against the distance between the image and the pellet edge. This is done in the same plot for all individual images producing a phase distribution plot like the one in figure 9 .
The results from each scan are presented with an overview of the segmentation, the histogram with the global thresholds and the phase distribution plot in figures 7, 8 and 9. Also the total phase percentages (area percentages) for the entire pellet are displayed as in table 1. 
Total phases
Pores:
48.86% Magnetite: 5.23% Hematite:
45.91% Table 1 : Total phases percentages for the pellet in figure 7.
Discussion
Image acquisition
The blurry images are too few to cause a major problem. They will of course influence the end result due to incorrect segmentation but at a maximum number of 5 out of 400 for one of the studied pellets will give a small bias that can be discarded for the results presented here. An observation is that the blurry images predominantly appear to occur where there are cracks or polishing artifacts in the epoxy so sample preparation is crucial.
Image processing
The automatic segmentation performs well in general. Small problems that occurs for some pellets are most obvious on images with magnetite strokes in the hematite grains as in figure 10 . The red overlay shows where the magnetite has been correctly identified but there are some missed strokes in the upper right corner. Out of seven tested pellets the problem is only this obvious in a few images from one of the pellets, in the other cases all individual magnetite regions are found but not completely covered. Two problems that cannot be solved with manual segmentation techniques are taken care of with the suggested automatic system. The first is the edges of pseudo-magnetite the hematite grains and the second is determining the phase percentages of only the pellet part when analyzing images from the outer perimeter of the pellet, like the one in figure 4 .
For individual images, comparing phase percentages with manual segmentations gives similar results, at least when not compensating for the pseudo-magnetite (which cannot be done manually). The only phase that we have had knowledge of a ground truth from chemical analysis has been the magnetite, and that number has been used to fine-tune the compensation for the pseudomagnetite.
In order to use this prototype system as a reliable analysis tool the suggestion is to create a large database to get a reference knowledge of what are normal production results. There is also a lot of potential to test and develop this system further as can be seen in the following sections of this chapter.
Edges with gray-level equivalent to magnetite As introduced in section 2.2.2 edges of pseudo-magnetite occurred around the hematite grains and is falsely identified as magnetite. The cause of this phenomenon is not determined. One thought is that this might originate from the polishing due to the difference in hardness between the hematite grains and the surrounding plastic. Another possible explanation is the effect known as optical smearing mentioned as a possible mentioned in e.g. et al., combined with some blurring.
When doing chemical analysis the normal value of remaining magnetite in a fully oxidized Malmberget pellet lies at 0.8% (weight fraction). Empirical results show that the performed compensation for the pseudo-magnetite is necessary to get realistic results.
If the edges should be added to pores & additives or hematite needs to be investigated further. Currently they are added to the latter phase but this is not yet a validated conclusion.
Additional development
A suggestion of the next step is to look deeper into separation of the pores & additives phase. This might be possible either through analysis of the same type of images that has been used in this work or by putting the samples in fluorescent epoxy which will give a good contrast between additives and plastic. A more thorough investigation out of scope for this work is however needed.
Conclusion
This paper concludes that a system for automatic microscopy is possible using the suggested methods for image acquisition and analysis.
The image acquisition step uses a modified version of a mosaic routine included in the Leica Qwin Pro software. For the acquisition step a number of problems have been solved. The main problems have been getting all images in focus and compensating for vignetting (uneven illumination).
The image analysis is based on Otsu's thresholding technique from 1979 Otsu (1979) . Studies of seven different pellets show that the method successfully segments the images into magnetite, hematite and pores & additives.
A number of problems were necessary to address in the image analysis step. One example is the pellet region that needs to be found, if the scanned pellet is touching neighboring pellets in the sample only the pellet of interest should be analyzed. Another problem has been that edges of the hematite grains look like magnetite in the images. Both of these problems have been mitigated using morphological image processing techniques.
Using a technique based on this work, engineers could successfully analyze more pellets a day than they do now for the proportion of hematite/magnetite. The biggest advantage is that this could be done in a largely automated man-ner whereas today all steps are performed manually. If the image acquisition speed could be further improved, as many as 10-20 pellets could probably be completely analyzed during one day compared to the randomly chosen spots examined today.
